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Abstract: The first cross-coupling reaction between aryl silanes
and aryl boronic acids is described. This transformation
represents one of the very few examples of coupling reactions
between two nucleophilic organometallic reagents and pro-
vides a new method for the formation of biaryl compounds.
The successful development of this reaction was enabled by the
use of commercially available 2,2’-bis(diphenylphosphino)-
1,1’-binaphthyl (BINAP) as the ligand. A small amount of
BINAP (3 mol%) was sufficient to suppress the formation of
the homocoupling products, and the reaction yielded the cross-
coupling products with high selectivity under mild conditions,
even when the ratio of the two coupling partners was 1:1.

Transition-metal-catalyzed C¢C bond-forming reactions are
among the most widely used transformations in organic
synthesis.[1] Cross-coupling reactions of organic electrophiles
(generally aryl or alkyl (pseudo)halides) and organometallic
nucleophiles have proven to be particularly versatile.[2] A
range of such reactions have been developed thus far,
including Suzuki,[3] Negishi,[4] Stille,[5] Hiyama,[6] and
Kumada[7] reactions. Aside from traditional cross-coupling
reactions between a nucleophile and an electrophile (Fig-
ure 1a), the reductive coupling of two electrophiles (Fig-
ure 1b) and the oxidative coupling of two nucleophiles

(Figure 1c) represent two alternative reaction manifolds
through which cross-coupling can be achieved.[8] It should
also be mentioned that a new type of oxidative coupling,
which involves the reaction of C¢H bonds, has recently
attracted considerable interest.[9]

The vast majority of research on such transformations has
focused on traditional cross-coupling processes, and the latter
two reaction types have remained comparatively underdevel-
oped. The major challenge in reductive and oxidative cross-
coupling is the chemoselectivity.[8a] Unlike traditional cross-
couplings, these two reaction types involve two coupling
partners of the same type (either two electrophiles or two
nucleophiles). As such, undesired homocoupling tends to
compete with cross-coupling, and it is often challenging to
achieve high selectivity for the desired cross-coupled product.
Whereas several examples of reductive cross-coupling pro-
cesses have been reported,[10] oxidative cross-couplings have
proven to be more challenging, with the majority of the
oxidative coupling reactions restricted to homocoupling
rather than cross-coupling.[8,11] However, several excellent
cross-coupling reactions of two organometallic compounds
that proceed with high chemoselectivity have been reported.
An early example is the oxidation of mixed aryl cuprates
reported by Lipshutz and co-workers (Figure 2a).[12] Subse-

quently, the Knochel group described the oxidative coupling
of lithium aryl/alkenyl cuprates with alkynyl lithium reagents
(Figure 2a).[13] Significantly, palladium-catalyzed cross-cou-
plings of alkyl zinc reagents with alkynylstannanes were
achieved by the Lei group, and the method was successfully
extended to the reaction of aryl zinc and alkyl indium
reagents (Figure 2b).[14] The Cahiez group reported iron- and
manganese-catalyzed selective couplings of two different
organozinc or organomagnesium reagents (Figure 2c,d).[15]

Furthermore, Hirao and co-workers disclosed a series of

Figure 1. Transition-metal-catalyzed cross-coupling reactions.
M = metal, TM= transition metal, X= leaving group.

Figure 2. Transition-metal-mediated/catalyzed oxidative cross-coupling
reactions of two organometallic nucleophiles.
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oxovanadium(V)-mediated/catalyzed ligand coupling reac-
tions of main-group organometallic compounds (Fig-
ure 2e).[16]

Considering the utility of biaryl-forming reactions,[17] we
set out to develop oxidative cross-coupling reactions of two
aryl metal reagents. To achieve high selectivity for the cross-
coupling pathway in an oxidative coupling reaction, two
strategies could be envisioned: 1) using two different metals
or 2) utilizing two coupling partners with organic fragments
that have distinct innate reactivity. In the context of biaryl
synthesis, the former would be anticipated to lead to a more
versatile reaction. In terms of reaction design, we were
attracted to organoboron and organosilicon coupling partners
because of their favorable properties, such as relatively high
stability, low toxicity, and broad functional-group tolerance.[18]

Herein, we report the first example of a palladium-catalyzed
oxidative cross-coupling between aryl boronic acids and aryl
silanes with BINAP as the ligand (Figure 2 f).

We initiated this research project by investigating the
cross-coupling of trimethoxyphenylsilane (1a) and 4-me-
thoxyphenylboronic acid (2a). Unlike traditional Pd0-cata-
lyzed cross-coupling reactions between an electrophile and
a nucleophile, oxidative cross-couplings require the use of
a terminal oxidant to reoxidize Pd0 to PdII to close the
catalytic cycle.[14a] 1,4-Benzoquinone (BQ) is commercially
available and inexpensive, so it is a convenient oxidant.[19]

Selected examples of reaction conditions that were surveyed
are shown in Table 1; we focused primarily on the effect of
different ligands, oxidants, bases, and solvents. In the absence
of a ligand, neither the homocoupling nor the cross-coupling
products were observed in meaningful quantities. In the
presence of PPh3 (10 mol%), the desired cross-coupled
product 3aa was formed in 25% yield, along with products
4aa and 5aa from the homocoupling of 1a and 2a, respec-
tively. Many other commonly used mono- and bidentate
phosphine ligands led to similar outcomes. Gratifyingly,
unlike other phosphines, BINAP was uniquely effective in
promoting the cross-coupling in high yield (63%) while
suppressing the yield of homocoupling product 4aa (9 %;
entry 6). The yield of 3 aa decreased dramatically when
a representative bidentate nitrogen-containing ligand,
namely 1,10-phenanthroline, was employed instead of
BINAP (entry 7). Notably, the yield and product distribution
remained essentially unchanged when the amount of BINAP
was reduced from 10 mol% to 5 or 3 mol% (entries 8 and 9).
DMA and NMP were identified as optimal solvents
(entries 10 and 11), and ultimately the yield was improved
to 82% by fine-tuning the reaction temperature, the amounts
of BQ and TBAF used, and the concentration (entries 12–14).
Replacing BINAP with PPh3 (3 or 6 mol%) under otherwise
unchanged conditions resulted in a low yield of 3aa and the
formation of a large quantities of 4aa (entries 15 and 16).
Intriguingly, the identity of the ligand appears to have little
impact on the formation of 5 aa, which was formed in low
yields in all of the reactions that we performed.

When the reaction was carried out under nitrogen
atmosphere, 3aa was observed in 60% yield (entry 17), and
only trace amounts of any of the three products were found in
the absence of BQ (entry 19). The former result suggests that

O2 may be involved in catalyst reoxidation, whereas the latter
implies that BQ plays another role beyond serving as an
oxidant in the reaction. It is well known that BQ can
accelerate reductive elimination,[9a] and it may indeed do so in
this transformation. Attempts to reduce the amount of BQ in
the presence of O2 resulted in a much lower yield (entry 18).
Finally, no coupling products were observed in the absence of
Pd(OAc)2 (entry 20).

Having developed an efficient procedure for the Pd-
catalyzed cross-coupling of trimethoxyphenylsilane and
4-methoxyphenylboronic acid, we next investigated the sub-
strate scope of this transformation. We first examined the
performance of a variety of aryl boronic acids under the
optimized reaction conditions. Thus, as shown in Scheme 1,
ortho- and meta-methoxyphenylboronic acid underwent the
cross-coupling with 1a in 86 % and 72% yield, respectively.

Table 1: Optimization of the reaction conditions for the oxidative cross-
coupling of aryl boronic acids and aryl silanes.

Entry Ligand
(mol%)

Solvent 3aa
[%][b]

4aa
[%][c]

5aa
[%][c]

3aa/4aa/5aa

1 – DMF trace – – –
2 PPh3 (10) DMF 25 36 8 1.4:1:0.22
3 TFP (10) DMF 23 42 6 1.1:1:0.14
4 DPPP (10) DMF 25 50 7 1:1:0.14
5 Xantphos (10) DMF 28 48 6 1.2:1:0.13
6 BINAP (10) DMF 63 9 8 14:1:0.9
7 phen (10) DMF 16 37 3 0.86:1:0.08
8 BINAP (5) DMF 64 9 8 14.2:1:0.9
9 BINAP (3) DMF 65 9 6 14.4:1:0.67
10 BINAP (3) DMA 68 9 5 15.1:1:0.6
11 BINAP (3) NMP 72 8 6 18:1:0.75
12[d] BINAP (3) NMP 73 9 6 16.1:1:0.67
13[d,e] BINAP (3) NMP 77 8 5 19.3:1:0.63
14[d,e,f ] BINAP (3) NMP[g] 82 8 5 20.5:1:0.63
15[d,e,f ] PPh3 (3) NMP[g] 26 39 6 1.33:1:0.15
16[d,e,f ] PPh3 (6) NMP[g] 26 38 6 1.37:1:0.16
17[d,e,f,h] BINAP (3) NMP[g] 60 12 9 12:1:0.75
18[d,f,i] BINAP (3) NMP[g] 36 6 12 12:1:2
19[d,f,j] BINAP (3) NMP[g] trace – trace –
20[d,e,f,k] BINAP (3) NMP[g] – – – –

[a] Reaction conditions: 1a (0.25 mmol), 2a (0.25 mmol), Pd(OAc)2

(10 mol%), ligand, BQ (2 equiv), TBAF (3 equiv), solvent (1 mL), 75 88C,
12 h. [b] Yields of isolated products. [c] Yields determined by 1H NMR
analysis of the crude reaction mixture using CHCl2CHCl2 as an internal
standard. Yields were calculated based on the fact that two molecules of
1a or 2a form one molecule of 4aa or 5aa. [d] 50 88C. [e] BQ (2.5 equiv).
[f ] TBAF (4 equiv). [g] Solvent (1.5 mL). [h] N2 atmosphere. [i] BQ
(0.2 equiv), O2 atmosphere. [j] No BQ. [k] No Pd(OAc)2. BINAP=2,2’-
bis(diphenylphosphino)-1,1’-binaphthyl, DMA= N,N-dimethylaceta-
mide, DMF = N,N-dimethylformamide, DPPP = 1,3-bis(diphenylphos-
phino)propane, NMP = N-methylpyrrolidone, phen= phenanthroline,
TBAF = tetrabutylammonium fluoride, TFP = tri(2-furyl)phosphine,
Xantphos= 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene.
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Aryl boronic acids containing methyl groups were also
reactive. The presence of a methyl group at the ortho position
led to the lowest yield, presumably because of steric
hindrance. Both fluoro and chloro groups were tolerated in
the reaction, giving the desired cross-coupled products in high
yields. Boronic acids derived from biphenyl and naphthalene
were also suitable. Sterically hindered 2,6-dimethylphenyl-
boronic acid underwent the cross-coupling reaction success-
fully, albeit in a far lower yield than its 3,5-dimethyl analogue.
One heteroaryl boronic acid was also examined, and
3-furanylboronic acid was found to be compatible with the
reaction conditions, giving 3-phenylfuran as the cross-coupled
product.

Next, the aryl silane component was varied using
4-methoxyphenylboronic acid as the coupling partner
(Scheme 2). It was found that aryl silanes bearing electron-
donating methyl or methoxy groups were suitable coupling
partners. Furthermore, fluoro and trifluoromethyl groups
were well-tolerated, as were biphenyl and 2-pyridyl substitu-
ents.

Notably, when triethoxy(4-methoxyphenyl)silane (1 i) and
4-ethoxyphenylboronic acid (2q), which contain two similar
aryl groups, were subjected to the standard conditions, the
reaction still predominantly yielded the cross-coupled prod-
uct (3 iq ; Scheme 2). This result indicates that the high
selectivity for the cross-coupling likely arises from the
different reactivities of the two metal centers, rather than
from different properties of the two aryl groups.

Mechanistically, the reaction starts with transmetalation
of PdII with either the aryl silane or the aryl boronic acid

(Scheme 3). In one mechanistic scenario (bold arrows), the
resulting {PdII(Ar)} species undergoes a second transmetala-
tion to form {PdII(Ar1)(Ar2)}, and reductive elimination
generates the biaryl product and a Pd0 complex. Subse-
quently, the Pd0 species is oxidized to PdII by BQ or O2 to
close the catalytic cycle. Homocoupling products are formed
following analogous pathways.

An alternative pathway for this coupling reaction involves
a “bimetallic” mechanism (dashed arrows),[20] in which the
{(Ar1)PdII(Ar2)} species is formed by transmetalation
between two organopalladium species, {PdII(Ar1)} and
{PdII(Ar2)}. However, as the reaction between two coupling
partners containing two similar aryl groups (1 i and 2q) still
predominantly yielded the cross-coupled product (3 iq ;
Scheme 2), the bimetallic mechanism should be ruled out. If
the bimetallic mechanism was operating, the transmetalation

Scheme 1. Variation of the aryl boronic acid. Yields are those of
purified and isolated products.

Scheme 2. Variation of the aryl silane. Yields are those of purified and
isolated products. [a] The cross-coupling product from triethoxy(4-
methoxyphenyl)silane (1 i) and 4-ethoxyphenylboronic acid (2q). The
product was obtained as an inseparable mixture of cross-coupling
product 3 iq and homocoupling products 4,4’-diethoxybiphenyl (5qq)
and 4,4’-dimethoxybiphenyl (4 ii). 3 iq/5qq/4 ii = 18.5:2.3:1.0.

Scheme 3. Proposed mechanisms for the formation of the cross-
coupling and homocoupling products.
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rates of {(Ar1)PdII} and {(Ar2)PdII}, {(Ar1)PdII} and
{(Ar1)PdII}, and {(Ar2)PdII} and {(Ar2)PdII} should be almost
equal, because Ar1 and Ar2 are very similar. Likewise, the
reductive elimination rates of {(Ar1)PdII(Ar2)}, {(Ar1)PdII-
(Ar1)}, and {(Ar2)PdII(Ar2)} should also be very similar. As
a consequence, no preferential formation of the cross-
coupling products could be observed, which contradicts the
experimental results.

In summary, whereas traditional cross-coupling reactions
of nucleophiles with electrophiles have been extensively
studied, the oxidative cross-coupling of two nucleophiles has
remained underdeveloped. We have now reported a new
method for the cross-coupling of aryl trialkoxysilanes and aryl
boronic acids. To the best of our knowledge, this palladium-
catalyzed reaction is the first example of a cross-coupling
between organosilanes and organoboron reagents, and it also
represents one of the few methods for the formation of biaryl
compounds from two nucleophilic organometallic reagents.
The successful development of this reaction can be attributed
to the use of commercially available BINAP as the ligand and
inexpensive BQ as the oxidant. Notably, a small amount of
BINAP (3 mol%) is sufficient to allow the reaction to take
place under mild conditions. This transformation routinely
forms the cross-coupled products with high selectivity, even
when the ratio of the two coupling partners is 1:1. Further
studies towards improving our understanding of the reaction
mechanism and applying this type of reactivity for other
processes are underway in our laboratory.

Keywords: cross-coupling · ligands · organoboron compounds ·
organosilicon compounds · palladium catalysis

How to cite: Angew. Chem. Int. Ed. 2015, 54, 4079–4082
Angew. Chem. 2015, 127, 4151–4154

[1] a) Metal-Catalyzed Cross-Coupling Reactions and More (Eds.:
A. de Meijere, S. Br�se, M. Oestreich), Wiley-VCH, Weinheim,
2014 ; b) Metal-Catalyzed Cross-Coupling Reactions (Eds.: F.
Diederich, P. J. Stang), Wiley-VCH, Weinheim, 1998.

[2] R. Jana, T. P. Pathak, M. S. Sigman, Chem. Rev. 2011, 111, 1417.
[3] A. Suzuki, Angew. Chem. Int. Ed. 2011, 50, 6722; Angew. Chem.

2011, 123, 6854.
[4] E. I. Negishi, X. Zeng, Z. Tan, M. Qian, Q. Hu, Z. Huang in

Metal-Catalyzed Cross-Coupling Reactions (Eds.: A. de Meijere,
F. Diederich), Wiley-VCH, New York, 2004, pp. 815 – 889.

[5] J. K. Stille, Angew. Chem. Int. Ed. Engl. 1986, 25, 508; Angew.
Chem. 1986, 98, 504.

[6] a) Y. Nakao, T. Hiyama, Chem. Soc. Rev. 2011, 40, 4893; b) S. E.
Denmark, C. S. Regens, Acc. Chem. Res. 2008, 41, 1486.

[7] K. Tamao, J. Organomet. Chem. 2002, 653, 23.
[8] a) C. Liu, H. Zhang, W. Shi, A. Lei, Chem. Rev. 2011, 111, 1780;

b) W. Shi, C. Liu, A. Lei, Chem. Soc. Rev. 2011, 40, 2761.
[9] a) X. Chen, J.-J. Li, X.-S. Hao, C. E. Goodhue, J.-Q. Yu, J. Am.

Chem. Soc. 2006, 128, 78; b) X. Chen, C. E. Goodhue, J.-Q. Yu, J.
Am. Chem. Soc. 2006, 128, 12634; c) D. R. Stuart, K. Fagnou,
Science 2007, 316, 1172.

[10] C. E. Knappke, S. Grupe, D. G�rtner, M. Corpet, C. Gosmini, A.
Jacobi von Wangelin, Chem. Eur. J. 2014, 20, 6828.

[11] R. N. Dhital, H. Sakurai, Asian J. Org. Chem. 2014, 3, 668.
[12] a) B. H. Lipshutz, K. Siegmann, E. Garcia, J. Am. Chem. Soc.

1991, 113, 8161; b) B. H. Lipshutz, K. Siegmann, E. Garcia, F.
Kayser, J. Am. Chem. Soc. 1993, 115, 9276.

[13] S. R. Dubbaka, M. Kienle, H. Mayr, P. Knochel, Angew. Chem.
Int. Ed. 2007, 46, 9093; Angew. Chem. 2007, 119, 9251.

[14] a) Y. Zhao, H. Wang, X. Hou, Y. Hu, A. Lei, H. Zhang, L. Zhu, J.
Am. Chem. Soc. 2006, 128, 15048; b) L. Jin, Y. Zhao, H. Wang, A.
Lei, Synthesis 2008, 649; c) L. Jin, Y. Zhao, L. Zhu, H. Zhang, A.
Lei, Adv. Synth. Catal. 2009, 351, 630.

[15] a) G. Cahiez, L. Foulgoc, A. Moyeux, Angew. Chem. Int. Ed.
2009, 48, 2969; Angew. Chem. 2009, 121, 3013; b) G. Cahiez, C.
Duplais, J. Buendia, Angew. Chem. Int. Ed. 2009, 48, 6731;
Angew. Chem. 2009, 121, 6859.

[16] a) T. Ishikawa, A. Ogawa, T. Hirao, J. Am. Chem. Soc. 1998, 120,
5124; b) T. Ishikawa, S. Nonaka, A. Ogawa, T. Hirao, Chem.
Commun. 1998, 1209; c) T. Ishikawa, A. Ogawa, T. Hirao, J.
Organomet. Chem. 1999, 575, 76; d) T. Hirao, T. Takada, H.
Sakurai, Org. Lett. 2000, 2, 3659; e) T. Hirao, T. Takada, A.
Ogawa, J. Org. Chem. 2000, 65, 1511; f) T. Takada, H. Sakurai, T.
Hirao, J. Org. Chem. 2001, 66, 300; g) H. Mizuno, H. Sakurai, T.
Amaya, T. Hirao, Chem. Commun. 2006, 5042; h) T. Amaya, Y.
Tsukamura, T. Hirao, Adv. Synth. Catal. 2009, 351, 1025.

[17] J. Hassan, M. S¦vignon, C. Gozzi, E. Schulz, M. Lemaire, Chem.
Rev. 2002, 102, 1359.

[18] a) A. J. Lennox, G. C. Lloyd-Jones, Chem. Soc. Rev. 2014, 43,
412; b) S. E. Denmark, R. F. Sweis, Acc. Chem. Res. 2002, 35,
835.

[19] M. D. Boele, G. P. van Strijdonck, A. H. de Vries, P. C. Kamer,
J. G. de Vries, P. W. van Leeuwen, J. Am. Chem. Soc. 2002, 124,
1586.

[20] D. Wang, Y. Izawa, S. S. Stahl, J. Am. Chem. Soc. 2014, 136, 9914.

Received: December 22, 2014
Published online: February 3, 2015

..Angewandte
Communications

4082 www.angewandte.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 4079 –4082

http://dx.doi.org/10.1021/cr100327p
http://dx.doi.org/10.1002/anie.201101379
http://dx.doi.org/10.1002/ange.201101379
http://dx.doi.org/10.1002/ange.201101379
http://dx.doi.org/10.1002/anie.198605081
http://dx.doi.org/10.1002/ange.19860980605
http://dx.doi.org/10.1002/ange.19860980605
http://dx.doi.org/10.1039/c1cs15122c
http://dx.doi.org/10.1021/ar800037p
http://dx.doi.org/10.1016/S0022-328X(02)01159-2
http://dx.doi.org/10.1021/cr100379j
http://dx.doi.org/10.1039/c0cs00125b
http://dx.doi.org/10.1021/ja0570943
http://dx.doi.org/10.1021/ja0570943
http://dx.doi.org/10.1021/ja0646747
http://dx.doi.org/10.1021/ja0646747
http://dx.doi.org/10.1126/science.1141956
http://dx.doi.org/10.1002/chem.201402302
http://dx.doi.org/10.1002/ajoc.201300283
http://dx.doi.org/10.1021/ja00021a049
http://dx.doi.org/10.1021/ja00021a049
http://dx.doi.org/10.1021/ja00073a051
http://dx.doi.org/10.1002/anie.200703097
http://dx.doi.org/10.1002/anie.200703097
http://dx.doi.org/10.1002/ange.200703097
http://dx.doi.org/10.1021/ja0647351
http://dx.doi.org/10.1021/ja0647351
http://dx.doi.org/10.1002/adsc.200800703
http://dx.doi.org/10.1002/anie.200900175
http://dx.doi.org/10.1002/anie.200900175
http://dx.doi.org/10.1002/ange.200900175
http://dx.doi.org/10.1002/anie.200902188
http://dx.doi.org/10.1002/ange.200902188
http://dx.doi.org/10.1021/ja973891s
http://dx.doi.org/10.1021/ja973891s
http://dx.doi.org/10.1039/a801844h
http://dx.doi.org/10.1039/a801844h
http://dx.doi.org/10.1016/S0022-328X(98)00978-4
http://dx.doi.org/10.1016/S0022-328X(98)00978-4
http://dx.doi.org/10.1021/ol006564p
http://dx.doi.org/10.1021/jo9919106
http://dx.doi.org/10.1021/jo000976u
http://dx.doi.org/10.1039/b610731a
http://dx.doi.org/10.1002/adsc.200800781
http://dx.doi.org/10.1021/cr000664r
http://dx.doi.org/10.1021/cr000664r
http://dx.doi.org/10.1039/c3cs60197h
http://dx.doi.org/10.1039/c3cs60197h
http://dx.doi.org/10.1021/ar020001r
http://dx.doi.org/10.1021/ar020001r
http://dx.doi.org/10.1021/ja0176907
http://dx.doi.org/10.1021/ja0176907
http://dx.doi.org/10.1021/ja505405u
http://www.angewandte.org

